K
ü mmell disease, first described by Hermann Kü mmell in 1891, is a clinical condition in which patients develop a kyphosis in the lower thoracolumbar spinal region months to years after sustaining otherwise asymptomatic minor spinal trauma. 1 Kü mmell disease is a rarely reported clinical entity and is defined as vascular osteonecrosis of the vertebral body that occurs as a result of delayed posttraumatic vertebral collapse, which often occurs after osteoporotic compression fractures. 2, 3 This disease has three stages. In the first stage, patients experience back pain attributed to minor trauma, followed by an asymptomatic period. In the second stage, the pain recurs weeks to months after the initial incident without further apparent trauma; 4 in the third stage, a kyphosis gradually develops. Many terms have been used to describe Kü mmell disease, including delayed posttraumatic vertebral osteonecrosis, 5, 6 intravertebral pseudarthrosis, 7 intravertebral vacuum cleft, 3, 6 delayed vertebral collapse, 8, 9 and nonunion of compression fracture. 7 Kü mmell disease presents several challenges to the spine surgeon, and the treatment options for this disease remain controversial. 10 Currently, percutaneous vertebroplasty (PVP) or kyphoplasty (PKP) achieve good results for Kü mmell disease without neurologic symptoms. 9, 11 For patients with neurologic deficits, however, PVP and PKP are inappropriate. 4 Anterior decompression with bone grafting fusion, 12 posterior decompression with pedicle subtraction osteotomy, [13] [14] [15] and a combined anterior and posterior operative approach 14 have been reported. However, the anterior approach is time consuming and may increase the probability of hemorrhage. Moreover, regular pedicle subtraction osteotomy is insufficient, and there is no standard or single effective treatment for Kü mmell disease. 16 In the current study, the posterior approach including decompression and a modified transpedicle subtraction and disc osteotomy were performed to correct the kyphotic deformities, with long-segment fixation to restore sagittal balance and stabilize the spinal column.
This paper describes a modified transpedicular subtraction and disc osteotomy technique combined with longsegment fixation for the treatment of Kü mmell disease with neurologic deficits and evaluates the clinical and radiographic patient results.
MATERIALS AND METHODS

Patients
Between May 2009 and May 2012, 12 consecutive patients with neurologic deficits were treated for Kü mmell disease in our hospital using modified transpedicular subtraction and disc osteotomy combined with long-segment fixation.
Kü mmell disease was diagnosed by anteroposterior radiographs, computed tomography scans, and magnetic resonance imaging (MRI) (Figure 1 A-D) . Patients without neurologic symptoms and Kü mmell disease in the first or second stage were excluded. The indications for surgery were as follows: neurologic function levels from B to D (American Spinal Injury Association (ASIA) grade); singlelevel Kü mmell disease; pain refractory to nonsurgical management; and progressive deformity. Conservative treatment including immobilization and a pain management program was administered for at least 3 months.
There were three men and nine women included in this study, with an average age of 64 years (range, 55-75 years). The average duration of symptoms was 34 months (range, 10-68 months) ( Table 1 ). The level of injury was T10 in two cases, T11 in two cases, T12 in four cases, L1 in three cases, and L2 in one case. Among the 12 patients, four had mild injuries, and eight had no memory of an accident. Five patients underwent an initial posterior laminectomy and pedicle screw fixation (Table 2) , three used orthosis for 3 months, and four were treated symptomatically. One patient developed an infection at the surgical site, and one patient had a broken rod. Preoperatively, eight patients complained of intractable pain in the thoracolumbar junction region with a mean visual analogue scale (VAS) score of 7.1 (range, 5.0-9.0). Neurologic deficits were assessed according to the ASIA grading system as follows: ASIA D, eight cases; ASIA C, three cases; and ASIA B, one case.
Surgical Procedures
In our center, all surgeries were performed with somatosensory-evoked potentials and transcranial motor-evoked potentials for neurophysiologic monitoring. Under general anesthesia, the patient was placed prone on the operating table, and a standard posterior middle incision was made at the predetermined level. The spine was exposed by dissection lateral to the costotransverse joint at the thoracic level and the lumbar transverse process. Pedicle screws were then placed extending four to seven levels above and four to five levels below the damaged vertebral bodies. A lilac screw was implanted as needed (the internal fixation system was produced by Weigao Orthopedic, Shandong, China). Bleeding was controlled by electric cauterization and hemostatic gauze. The spinal canal was opened laterally, and the posterior elements including the spinous process, bilateral lamina, transverse process, and the adjacent facet joints at the level of apical vertebra were removed as needed. In the thoracic spine, the rib heads were excised at the corresponding level. In revision cases, the dura was exposed by performing laminectomy at a level adjacent to the initial decompression, and epidural scarring was carefully removed. After exposure of the bilateral external walls of the damaged vertebrae using a sponge stick and periosteal elevator, one-half to twothirds of the upper pedicle was resected with a pedicle probe and drill, and the decancellous procedure was then performed within the target vertebrae. The necrotic bone and fibrocartilaginous tissue were removed with curettes and cancellous bone from the osteotomy was preserved. The cortical bone of the damaged vertebrae was then removed bilaterally with a rongeur to create a space through which the damaged disc, with the upper endplate of the damaged vertebrae, could be removed with a high-speed burr and Cobb elevator. Care was taken to protect the nerve roots and the contiguous vessels. Subsequently, the posterior portion of the vertebral body was carefully resected with a reverse angular rongeur. Any adhesions between the dura and bone were freed. When one side of the osteotomy was completed, a temporary rod was placed to maintain spinal stability. From a lateral approach, a polyetheretherketone cage (Figure 2 ) (10 Â 10 Â 22 cm 3 , 12Â 10 Â 26 cm 3 , 12 Â 10 Â 32 cm 3 , etc.; Weigao Orthopedic, Shandong, China) and an interbody fusion device, together with the bone autograft, were then inserted into the resection space at the anterior column between the lower endplate of the upper vertebra and the osteotomy surface. Additional autograft bone was packed around the cage. To close the osteotomy, a precontoured rod (Rod A) was first locked into the inferior screws, and the contralateral rod (Rod B) was locked into the superior screws. Rod A was then cantilevered into the superior screws with gentle manual force by the surgeon, and Rod B was simultaneously cantilevered into the inferior screws by an assistant ( Figure 3A -C). The entire construct was finally tightened to strengthen the stability of the osteotomy site. The posterior interlaminar fusion was completed over the fixed segments with autografted bone from the posterior iliac crest. A drainage tube was left in the surgical field, and the wound was closed in layers. Postoperatively, the drainage tube was left until the output fell to <50 mL/24 h, usually after 3 to 5 days, and patients were instructed to use a plastic thoracolumbosacral orthosis during the first 3 months.
Radiologic and Clinical Evaluation
Radiographs and clinical evaluations were performed preoperatively, immediately after surgery, and at a final followup visit. Radiographs of the whole spine and pelvis were available for all patients. The Cobb angle was measured from T10 to L2. Radiologic assessment of fusion at followup was based on the presence of trabecular bone bridging at the osteotomy site, as described by Brantigan and Steffee. 17 A VAS was used to evaluate the severity of back pain. Clinical outcome and functional status were assessed using the ASIA scale. Pre-and postoperative height (measured from the bottom of the feet to the top of the head with patients standing in a neutral, unsupported position) and sagittal balance were documented. Surgical time, blood loss, and complications were also recorded.
Statistical Analysis
Each variable is presented as the mean and standard deviation. Statistical analyses were performed using paired t tests (SPSS 17.0, SPSS Inc, Chicago, IL). Normality was assumed, and a P value <0.05 was considered significant.
RESULTS
Modified transpedicular subtraction and disc osteotomy combined with long-segment fixation were performed in all patients. The average follow-up period was 33 months (range, 26-43 months). The average operation time was 148 minutes (range, 100-220 minutes) with a mean intraoperative blood loss of 625 mL (range, 450-850 mL). Dural tears with transient cerebrospinal fluid leakage were encountered in one case. These tears were covered intraoperatively by muscle and fat grafts, and lumbar drainage was placed and removed after 7 days. Bed rest was required during this period. The patient recovered without further complications and was discharged 2 weeks after surgery. There were two cases of postoperative unilateral front thigh numbness that resolved within 6 weeks. A wound infection in one case resolved after debridement. No new permanent neurological deficits occurred in our study. Neurologic function was improved in nine cases by varying degrees (Table 3 ). The Cobb angles decreased from 43.33 AE 7.448 (range, 30-588) preoperatively to 1.92 AE 2.748 (range, À3-78) postoperatively, and the difference was statistically significant (P < 0.01).
The mean VAS score was reduced from preoperative 7.17 AE 1.278 (range, 5-98) to 1.17 AE 1.038 (range, 0-38, P < 0.01), and the sagittal vertical angle improved from 14.82 AE 3.56 cm to 5.15 AE 2.10 cm (P < 0.01). At final follow-up, there was radiographic evidence of solid fusion at the osteotomy site and fixed segments in all patients ( Figure 4A and B).
DISCUSSION
Although first described by Hermann Kü mmell in 1895, Kü mmell disease is uncommon and infrequently reported in the English literature. 18 We found that osteoporosis, chronic corticosteroid use, and local radiotherapy are risk factors associated with Kü mmell disease. 19 Conservative treatment can achieve satisfactory results in mild cases, and the nonsurgical treatment of Kü mmell disease includes bed rest, lumbar traction, wearing a brace, analgesics, and antiosteoporosis drugs. 1 Patients with Kü mmell disease who have persistent pain and no neurologic symptoms can achieve pain relief with restoration of the vertebral body height and satisfactory correction of the deformity with PVP or PKP. Severe, persistent pain associated with Kü mmell disease is derived from motion in the intravertebral vacuum cleft, so excellent pain relief can be achieved by stabilizing the cleft with cement. 20 However, leakage of cement into the spinal canal is a devastating complication of this therapeutic procedure. 21 Furthermore, PVP and PKP are not suitable for patients with neurologic deficits.
For neurologically impaired patients, the aim of surgery is to decompress the spinal cord, restore the physiologic spinal curvature, and maintain spinal stability. 21 The surgical options include anterior-only, posterior-only, and combined anterior and posterior procedures. The anterior approach is most efficient for decompression and spinal stabilization because the locus of the pathology is addressed directly, and this procedure achieves anterior column support with a low incidence of instrumentation failure. One previous study 22 involving 22 patients with neurologic deficits who underwent anterior decompression and instrumentation showed that all patients returned to their daily lives with neurologic recovery and a stable spine. The anterior approach usually involves a longer operative time and may injure internal organs, in addition to the possible sinking of the prosthesis into an osteoporotic spine. 23 Moreover, elderly patients may not tolerate the pulmonary complications of pleural and extrapleural surgery or the gastrointestinal complications of retroperitoneal surgery. The posterior approach can also be employed for an osteotomy, which is an effective treatment approach for patients with Kü mmell disease with neurologic deficits. Kim et al 18 used posterolateral decompression and posterior reconstruction to treat 14 patients with neurological deficits, with an 18.28 mean decrease in the kyphotic angle and improvement in neurological status. In 2012, Zhang et al 4 described a posterior decompression and short segmental pedicle screw fixation combined with vertebroplasty, and this approach achieved an average correction of 18.298 in 16 patients with no neural injuries. Thus, Zhang et al claimed that this procedure represents an effective treatment option for patients with Kü mmell disease and neurologic deficits. Posterior one-segmental fixation combined with vertebroplasty and posterior shortening osteotomy obtained similar satisfactory outcomes with respect to deformity correction, pain relief, and functional improvement. 24 The disease, however, is usually secondary to osteoporosis, and degenerative changes are common in these patients. In particular, the normal spinal curvatures change to maintain sagittal balance, and correcting the regional realignment can cause disease in adjacent vertebrae. Furthermore, implant failure has occurred in patients treated with short-segment fixation, 25 so we used longsegment fixation to restore sagittal balance and stabilize the spinal column. In addition, MRI findings have shown that the rear-upper endplate of the damaged vertebra and the upper disc are usually the apex of a sharp angular protrusion. When a regular pedicle subtraction osteotomy is performed, the collapsed upper endplate of the damaged vertebra is usually removed, leaving the upper disc directly connected to the cancellous bone of the remaining vertebra when the space is closed, such that solid fusion is difficult to achieve. In our study, we removed not only the upper endplate of the damaged vertebra but also the upper disc, resulting in a bony fusion. This approach creates a larger interspace, which permits a greater correction angle for the kyphotic deformity than a regular pedicle subtraction osteotomy. In this situation, a significant reduction of spinal column height is avoided by inserting a cage with autologous bone into the interspace, thus restoring the spinal column height, avoiding any buckling of the dura and spinal cord, and greatly reducing postoperative complications. During closure of the osteotomy, the force is mainly focused on the cage, avoiding sagittal displacement and ensuring the safety of the procedure. Moreover, replacement of the fractured corpus by a corpectomy cage significantly decreases the load on the posterior fixation system. 26 
CONCLUSION
Modified transpedicular subtraction and disc osteotomy combined with long-segment fixation for the treatment of patients with Kü mmell disease with neurological deficits is a technically demanding procedure. However, this approach achieves satisfactory kyphosis correction and enhanced fusion in comparison to other approaches. Thus, our results suggest that this approach is an effective treatment option for patients with Kü mmell disease with neurological deficits.
Key Points
Modified transpedicular subtraction and disc osteotomy, including removal of the upper endplate and upper disc of the damaged vertebrae, produces a greater correction angle than regular pedicle subtraction osteotomy. The spinal column height is restored, and buckling of the dura and spinal cord is avoided, by inserting a cage with autologous bone. Long-segment fixation was performed in the current study to restore sagittal balance and stabilize the spinal column.
